Abstract-A recent analysis of historical radionuclide resuspension datasets confirmed the general applicability of the Anspaugh and modified Anspaugh models of resuspension factors following both controlled and disastrous releases. While observations appear to have larger variance earlier in time, previous studies equally weighted the data for statistical fit calculations; this could induce a positive skewing of resuspension coefficients in the early time-period. A refitting is performed using a relative instrumental weighting of the observations. Measurements within a 3-d window are grouped into singular sample sets to construct standard deviations. The resulting best-fit equations produce tamer exponentials, which give decreased integrated resuspension factor values relative to those reported by Anspaugh. As expected, the fits attenuate greater error among the data at earlier time. The reevaluation provides a sharper contrast between the empirical models and reaffirms their deficiencies in the short-lived timeframe wherein the dynamics of particulate dispersion dominate the resuspension process. Health Phys. 114(5):500-506; 2018
INTRODUCTION
EVALUATING PROSPECTIVE dose for emergency planning and response, health physics operations, or for setting radiological security thresholds has become an important part of health physics. When the dose to be considered is primarily internal, the exposure profile and associated characteristics are vital to an appropriate estimate. This includes physical and chemical properties of the element in question that would define the amount of dispersed material that has become airborne or resuspended. Particular elements may react physically or chemically with substrates preventing such action, or radiological properties such as aggregate recoil may come into play. Allen Brodsky's famous note from 1979 started the discussion of 10 −6 Bq m −2 (Bq m −3 ) −1 being a value that could be used conservatively in the absence of a better value (Brodsky 1980) .
Resuspension models have been developed for use in prospective dose evaluations using data from existing studies, with measurements taken from opportunistic or specific experimental design to estimate resuspension. The nominal reference for resuspension is NCRP Report 129 (NCRP 1999) . A more recent review and analysis in support of the Federal Radiological Monitoring and Assessment Center (FRMAC) was conducted by Maxwell and Anspaugh in 2011 , the results of which are currently being used by the FRMAC community (2011) . A review of the available data and methodologies resulted in a desire to determine if resuspension properties, including chemical interactions with surface materials and particle size of resuspended material, could be determined to develop a more holistic model that would apply to a particular radionuclide. Am), being a current radionuclide of interest, was chosen for this study. This work begins with a review and reassessment of previous work. A future paper or papers will describe the experimental process and results.
Internal dosimetry of inhaled radionuclides
FRMAC publishes the FRMAC Assessment Manual (FRMAC 2015) for determining action limits in the event of a radiological incident. This limit is represented by dose response levels (DRLs) which are based on the Protective Action Guide (USEPA 2017) developed by the U.S. Environmental Protection Agency (EPA) and the Department of Homeland Security (DHS). In calculating this limit, exposure pathways are considered separately and then combined, including the deposition inhalation dose parameter D inh (Sv) from inhaling resuspended radionuclides from a contaminated area (eqn 1, simplified from the version in the FRMAC manual): airborne concentration of the radionuclide during the given time phase, with radioactive decay/in-growth and resuspension factor K(t) (eqn 2):
Dp is the initial deposition of the radionuclide (Bq m −2 ), l is the decay coefficient of the radionuclide (s −1 ), and K(t) is the empirical resuspension factor as reported by Maxwell and Anspaugh (2011) (eqn 3):
The resuspension factor K(t) (m ). To avoid the effects of confounding factors, data collection should be taken under calm, isolated conditions. Anthropological mechanical disturbances, including the induced turbulence from the walking of a passer-by, have been known to produce resuspension levels of 10 −10 to 10 −2 (Langham 1971) .
Atmospheric resuspension and deposition rates, particle size distributions Particulates bound to the ground surface layer are stochastically resuspended in the presence of turbulent air current, which are particularly common around terrestrial or civil structures (Eisenbud and Gesell 1997) resulting in a wide variation in air concentration. An analytical foundation of the kinetic "desorption" rate constant from a surface begins with Reeks (Reeks et al. 1988) , in which the total aerodynamic lift force exceeds the total adhesion force. The fraction removed f R and resuspension rate L (s −1 ) for identical smooth sites follow a simple Arrhenius law (eqn 4):
The resuspension rate k A←S increases with boundary layer lateral air velocity (Chkhetiani et al. 2012) ; even the updraft caused by an air sampler induces an additional resuspension force on the surface particles, which populate the air concentration beyond the "true background" resuspension from atmospheric fluctuations. This acoustic intrusion is reciprocated by the individual's own inhalation at the same flow rate in the vicinity, so particulate collection on an air sampler offers immediately applicable inhaled quantities.
The resuspended particle size distribution may undergo changes from that of the initial surface deposition (Anspaugh et al. 2002) . Fine particulates have been found to make up a significant portion of resuspended material under light wind conditions (Chkhetiani et al. 2012) , but coarse particulates increase in the presence of lateral wind speed (Henry and Minier 2014) . A roughness surface rate constant can serve as the functional preference for particle size (Ziskind et al. 1995) . The standard treatment is Gaussian potential barrier, which is lowest at a preferred size r * ; the deviation for a particle r a will lower the rate constant, as shown in eqn (5):
where r 0 characterizes the sensitivity of the deviation effect and k A ← S,0 is the maximum rate constant. In practice, k A ← S,0 is a function of surface layer wind speed, which acoustically resonates with characteristic particle sizes; full derivations of this "rock n' roll" algorithm can be found in a recent paper by Caruso et al. (2015) probing dust resuspension models. Short-lived sources in particular have been observed to nucleate and coagulate at reduced rates (Stewart 1964) . As a result, resuspended particulates tend to be well characterized by [activity] median aerodynamic diameter (AMD) and the geometric standard deviation (Liu et al. 2014 ).
Ground sorption, migration, and mixing rates Kinetic models for sorption and desorption of radionuclides to the surface binding sites at a boundary layer, and for colloid in the bulk ground matrix, have been employed successfully in both under-and oversaturated conditions (Lujaniene et al. 2012) . Americium is readily absorbed into clays and organic mineral oxide topsoils (Bunzl et al. 1995; Lee and Lee 2000) . In colloidal form, americium is strongly kinetic in granodiorite and infill (Mori et al. 2003; Vilks and Bachinski 1996) but shows preference for anionic sorption in cementous pastes (Evans 2008) . It had significantly decreased mobility in the presence of snow drifts/melts compared to alkali and alkaline earth metals (Chawla et al. 2010) . Foliage in the region accumulates resuspended material proportionately to increased rainfall intensity and frequency (Dreicer et al. 1984) .
Alternatively, burrowing organisms that actively mix bulk material through digging or ingestion (known as bioturbators) may also contribute to radionuclide movement. Earthworms have been found to overturn 1 m of topsoil with a throughput of 5-10 y (Muller-Lemens and van Dorp 1996) . This type of movement is difficult to model as a kinetic process but is well-described by a diffusive local mixing process; this approach enabled biodiffusion mixing coefficient measurements of 1 to 2 cm y −1 in both California (U.S.) grassland and Australian forests (Kaste et al. 2007; Matisoff et al. 2011) . It was determined that greater biota activity in soils contributed to higher rates of erosion.
MATERIALS AND METHODS

Construction of resuspension catenary models
If particulates are laterally confined to move in a turbulent column of atmosphere, eqn (4) can be expanded with the deposition process, the inverse reaction to resuspension, shown by the recycling kinetic formula (eqn 6),
where S is the catenary compartment tracking the particles bound to the surface, and A considers the particulates suspended in the air. The rate equations are given in eqn (7) and proceeding general solutions in eqn (8): :
Doublets X A,0 and X S,0 are the equilibrium populations, whereas X A,1 and X S,1 are assigned based on initial conditions. The sign and magnitude of X A,1 depends on whether the particulates are predominantly settling out or lifting off of the ground (airborne release or idealized surface deposition, respectively). Using initial constraints X A (0) and X S (0), unique solutions are found (eqn 9):
Over longer periods of time, the contribution of ground layer migration may become appreciable and thus require its own kinetic form with mixing or "convection" reverse reactions to bring particles from the ground bulk matrix G to the surface (eqn 10):
Realistically, this would continue into a fractal of ground bulk matrix pathways available to the radionuclide depending on the physicochemical properties of the nuclide and substrate. The solution is therefore an incomplete picture of the radionuclide movement, but nonetheless an accurate model for measurements shorter than geological timescales. The rate equations and solution (eqns 11 and 12) to this resemble that of the two-compartment model (eqns 7 and 8).
where
The discriminant of the decay constants in eqn (13) is positive, confirming an overdamped process. The system achieves equilibrium with conditions set by eqn (14):
Following a non-ideal airborne release of particulates [X G (0) = 0], the quantity available for air sampling decays exponentially over two processes characterized by timescales
. Using the remaining initial conditions [X A (0), X S (0)], the unique solution is generated for the air compartment (eqn 15):
v 1,2 are defined in eqn (13). X A (t) initially possesses the entirety of the airborne fraction of the particulate release, which must gradually deposit onto the surface before resuspending. Depending upon the nature of the particulate release, this condition may be nearly exact, as in the case of stack emissions or active release mechanisms, or it may be skewed, in the case of spills or other passive releases. This variance is dependent upon the sampling conditions, which must be standardized to enable the discrete compartmentalization of surface (height h = 0 to 10 cm) and air (height h = 1 m). It is important to note that a sufficiently low resuspension rate constant k A ← S may lead to skewed interpretations on the quantity of particulates that have undergone the resuspension mechanism at early timeframes. The rate constants (k A → S , k A ← S , k S → G , k S ← G ) and initial fractional values [X A (0), X S (0) = 1 − X A (0)] can be extracted from the values X A,0 , X A,1 , X A,2 , v 1 , v 2 (as fit coefficients) using a computational solver. From these systematic parameters, limiting dispersion conditions of the ideal surface [X S (0) = 1] or airborne [X A (0) = 1] release may be probed.
Time-binning and statistics of historical dataset of resuspension observations
The prospective evaluation of internal dose from resuspended radionuclides is an inherently complex and eventspecific problem. This is largely due to the high variability of the factors which influence the resuspension of deposited particulates into the air, including aerosol size distribution (Karlsson et al. 1996) , ambient temperature and pressure (Xu et al. 2016) , humidity (Kim et al. 2016) , vegetation and rainfall (Dreicer et al. 1984) , and lateral wind speed (Harris and Davidson 2008) . During the non-nuclear plutonium dispersal tests of Project 56 at the Nevada Test Site (Langham et al. 1955) , the resuspension factor (S f ) was developed as a metric to predict radiogenic risk from inhaled resuspended particulates. This broad-stroked ratio of volumetric airborne radioactivity to that within a given area directly beneath requires detailed knowledge of the event conditions and site mechanical processes (Langham 1971 ), but it nonetheless remained successful in empirically identifying the time-dependent decay of suspended particulates post-dispersion (Garland 1983; Tveten 1990; Garland and Pomeroy 1994) . Attempts to optimize and evaluate functional models have predominantly leaned towards exponential behavior over polynomial or power-law (Garger et al. 1999) . Recent difficulty in applying these sensitive approximations to early timeframes following deposition led to potentially 10-100 times more conservative estimates (Maxwell and Anspaugh 2011) .
Historic resuspension factor observations ( Fig. 1) follow a heteroscedastic trend-the variance of proximate values can be seen to change (decrease) as a function of time. To enable statistical fitting of the model, observations were first resolved as geometric averages within finite time-bins. Data were grouped into bins wide enough to encompass a local spread of coincidence; this was guided by habitual occurrence of measurements within individual datasets. Statistics performed upon the binned values follow eqn (16):
Uncertainty-weighted fitting of catenary models Bin averages were fit to a two-compartment catenary model which can be extracted from the particulate population in eqn (12):
using a linear least-squares regression. Here, S f data were weighted by the uncertainty in each point ðw i ¼ s
S f ;i Þ . This serves to (a) increase importance of low uncertainty coincidence present in long-term data and (b) decrease importance of high uncertainty coincidence present in shortterm data. The catenary model was applied both with fixed 10 −9 and an unfixed offset constant to test for greater compliance with newer data.
RESULTS
Resuspension factor observations
Resuspension data readily available from references of the assessment by Maxwell and Anspaugh (2011) were used. Some data, such as Tveten (1990) and Garger et al. (1997) , provided additional long-term observations rather than the sample depicted in the assessment, which were also incorporated into this work. As few studies provided intrinsic collection error, uncertainty propagation was not included. Values are plotted in Fig. 1 .
Values depicted in Fig. 1 are representative but not exhaustive of the 2011 paper. Initial observations within days to weeks of deposition are roughly centered around 10
and span 5 orders of magnitude. As time goes on months and years past time zero, the majority of measurements have decreased by a factor of 10 3 and span 2-3 orders. Of interesting note in long-term observations is the approximately yearly oscillation in magnitude from 137 Cs measurements following the Chernobyl disaster provided by Garger et al. (1997) .
Time-binned averages of observations Fig. 2 contains the historic dataset of resuspension observations binned into subsets with error bars to designate geometric spread in days and resuspension factor. Bins with only one observation reused the lowest calculated spread from the remainder of the set to facilitate a relative instrumental weighting of each regression.
Catenary model weighted fitting
The resulting regression for fixed and unfixed constant terms are plotted over the averaged data in Fig. 3 ; for better visibility of short-term processes, log-log axes are used. Parameters for each model were extracted from the curve fits with eqn (13) using Mathematica ‡ are given in Table 1 . The kinetic rate constants and initial air and surface fractional quantity were extracted from this model by equating the unfixed-constant fit coefficients in Table 1 to their respective terms in eqn (15).
The integrated resuspension factor (RF) values were calculated for the array of time periods following deposition used by Maxwell and Anspaugh (Maxwell and Anspaugh 2011) and given in Table 2 . Additionally, percent deviations in RF between the unfixed regression from this work and previous model predictions are given to illustrate the relative increase or decrease of this work's prediction of inhalation dose.
DISCUSSION
Reassessment overview
Nearly all data extracted from the literature matched those presented in Maxwell and Anspaugh (2011) . In the case of Garger et al. (1997) , data obtained spanned an additional 1,000 days. One data set (Olafson and Larson 1961) appeared to be based on a yearly average but was placed precariously close to deposition time.
The bin size for the regrouping of observations regression calculations possesses intrinsic constraints-at the upper end, there is a risk of undersampling the faster decay process, which appears to be on the order of tens of days; at the lower end, there is a risk of elevating importance weighting of rare occurrences. The progression of finer resuspension factor predictions by the decrease of bin size will depend on the collection of additional observations in the short-term. Still, the binning of proximate observations and curve-fit weighting of bin variance ensures a prediction that does not artificially inflate in the presence of a large spread of data. Rather, by giving greater importance to the longer-term observations whose magnitudes are more supported by the physical model, the prediction model can inherit greater long-term stability while the short-term process is investigated further.
The two-compartment catenary model fit with s −2 S f weighting successfully predicted previous RF values to within 10-24% and with a greater regression coefficient than Maxwell and Anspaugh (2011) . The decrease in relative error in Table 2 over time accounts for an overestimation of initial resuspension and underestimation of decay constant in previous exponential models. Both NCRP and power-law models diverge at zero, requiring an artificial instantiation of applicability such as unphysical first-day constant and the lower limit of integration respectively. This renders it to have limited utility in calculating RF, especially for early exposure where these artificial fixes span 2 orders of magnitude.
Model recommendations
As t → 0 towards initial plume dispersion, S f (t) appears less appropriate for predicting RF based on the questionably high uncertainty in early resuspension. Depending on the combustion/release mechanism and resulting source term activity-size distribution, early measurements of S f (t) are likely to be convoluted with the competing dispersion processes.
Greater consistency in the usage of S f (t) for dose evaluations can be achieved by comparing underlying kinetic rate constants arising from air sampling measurements. Table 3 illustrates the historic averaged competing flux of particulates between the air, surface and ground compartment, though these terms should be evaluated for unique scenarios dependent upon the factors known to influence resuspension described in the introduction. Regardless, these values demonstrate relative magnitudes of the dominating processes for the composite scenario of available historic data.
In the case of surface material with fewer mixing pathways that disallow bioturbators, such as poured concrete or asphalt, the corresponding kinetic rate constants k S → G and k S ← G may be much lower or even zero, which motivates the two-compartment approximate form for the resuspension factor. Of greater interest is a consensus on the definition of "resuspension factor" to indicate only the fractional quantity of airborne particulates which arose from the surface, rather than including initially suspended particulates, still in fallout from a non-surface deposition. By probing individual mechanisms and influences of resuspension, more precise rate constants may be obtained to tune the semiempirical towards a model which exhibits greater shortterm stability. This will in turn found a more rigorous construct for Protective Action Guides through more thorough prospective dose evaluations specific to known geophysical identities involved.
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